Introduction {#sec1}
============

The past few decades have witnessed a substantial increase in patient population because of ageing and technical advancement of orthopaedic surgeries. Along with these, there has been a tremendous demand for orthopaedic implants, including bone fillers, articular replacements, and internal/external fixation systems for bone fracture and disc fusion cages [@bib1], [@bib2], [@bib3]. With the increasing requirement of orthopaedic surgeries, challenges remain in developing novel bulk biomaterials (such as bioabsorbable bioceramics) and improving the clinical performance of current implants including titanium (Ti) and poly(ether ether ketone) (PEEK) to avoid surgery failure and improve the function of implants [@bib4], [@bib5]. Being able to award the biosubstitutes multiple functions to meet the requirements of tissue regeneration, surface modification of orthopaedic implants has evolved into an essential and promising technology. For example, the osseointegration and antimicrobial properties of orthopaedic implants can be significantly improved on appropriate surface modification [@bib6], [@bib7].

In recent years, mussel adhesive proteins have attracted much attention because they can form strong adhesive interface interaction with various substrates in a wet environment ([Fig. 1](#fig1){ref-type="fig"}) [@bib8], [@bib9]. Among them, 3,4-dihydroxy-[l]{.smallcaps}-phenylalanine and lysine-enriched proteins near the plaque--substrate interface played important role in the extraordinarily robust adhesion [@bib10], [@bib11]. Therefore, dopamine, with similar molecular structure to 3,4-dihydroxy-[l]{.smallcaps}-phenylalanine, became a novel coating material ([Fig. 1](#fig1){ref-type="fig"}A). Dopamine is easily oxidized into dopaquinone under aerobic conditions [@bib12], [@bib13]. The oxidation of dopamine can form polydopamine (PDA) coating. PDA coating can be easily deposited on virtually all types of inorganic and organic substrates and show controllable thickness and durable stability. In addition, PDA possesses excellent biocompatibility and unique chemical structure containing many functional groups including catechol, amine, and imine, which can be used to covalently immobilize molecules and adsorb metal ions. Owing to these outstanding properties, PDA has been extensively used for modulating cellular and tissue responses to materials [@bib14], [@bib15], [@bib16]. PDA technique used in surface coating, molecular imprinting, and electrochemistry has shown potential application in biomedical field so far [@bib17], [@bib18].Figure 1(A) Photograph of blue mussel binding to Teflon and molecular structure of DOPA and dopamine [@bib9]. (B) Location of adhesive-related proteins identified in the byssus of *Mytilus edulis*[@bib9]. (C) A schematic illustration of thin film deposition of PDA by dip coating within an alkaline dopamine solution [@bib8]. (D) Thickness evolution of PDA coating on Si as measured by atomic force microscopy (AFM) of patterned surfaces [@bib8]. (E) X-ray photoelectron spectroscopy (XPS) characterization of 25 different PDA-coated surfaces [@bib8]. Reprinted with permission from ref. [@bib8], 2007, American Association for the Advancement of Science and ref. [@bib9], 2011, Royal Society of Chemistry Publishing Group. HAp = hydroxyapatite; PS = polystyrene; PE = polyethylene; PC = polycarbonate; PET = polyethylene terephthalate; PTFE = polytetrafluoroethylene; PU = polyurethane; DOPA = 3,4-dihydroxy-[l]{.smallcaps}-phenylalanine; PDA = polydopamine; PDMS = polydimethylsiloxane; PEEK = poly(ether ether ketone).Figure 1

The aim of this review is to summarize the recent advances of PDA-modified materials as orthopaedic implants. We will introduce the preparation and polymerization mechanism of PDA. Then, the properties of PDA-modified materials will be briefly elucidated. We will then emphatically discuss the *in vitro* osteoblast/stem cell adhesion, migration, proliferation, and osteogenic differentiation behaviour on the PDA-modified orthopaedic implants. After that, we will present the *in vivo* bone repair results of typical PDA-modified orthopaedic implants. We will then summarize other applications of the PDA-modified materials in musculoskeletal tissues. Finally, we will summarize the status and prospect of the PDA-modified materials for musculoskeletal tissue engineering.

Preparation and polymerization mechanism of PDA {#sec2}
===============================================

Preparation of PDA {#sec2.1}
------------------

Dopamine self-polymerization can form thin PDA coating onto various inorganic and organic materials, including metals, oxides, polymers, semiconductors, and ceramics ([Fig. 1](#fig1){ref-type="fig"}) [@bib8], [@bib9]. At present, a variety of PDA polymerization conditions emerge. Solution oxidation method is the most widely used protocol for forming PDA coating. When the dopamine is oxidized and spontaneously self-polymerized under alkaline conditions with oxygen as the oxidant, the thickness of the PDA film can be controlled by changing polymerization condition and time ([Table 1](#tbl1){ref-type="table"}). The maximum thickness of a PDA film by a typical reaction (air, pH 8.5) is about 50 nm, but this process may take a few hours up to a few days [@bib8]. To accelerate the deposition rate of PDA coatings, researchers have developed different methods such as UV irradiation, oxidant promotion, and electrochemical actuation ([Table 1](#tbl1){ref-type="table"}). Although the deposition rate of PDA can be improved by these methods, some large PDA coatings are found to aggregate together. Zhang et al. [@bib19] reported a new strategy to accelerate the deposition rate of PDA coatings using CuSO~4~/H~2~O~2~ as a trigger. This approach had faster deposition rate and uniform PDA coating. Furthermore, the PDA-coated porous membranes showed excellent antioxidant properties and antibacterial performance. Florian et al. investigated dopamine oxidation under acidic conditions (pH 5.0) with ammonium peroxodisulfate, sodium periodate, and copper sulphate as oxidants [@bib20]. The sodium periodate group showed the thickest and homogeneous PDA coating because of degradation of quinine units to yield carboxyl functions.Table 1Typical thickness and deposition rate of PDA coatings at different conditions.Table 1ConditionTime (h)Thickness (nm)Thickness/time (nm h^−1^)ReferencesPure O~2~, pH 8.50.54.48.8[@bib21]CuSO~4~/H~2~O~2~, pH 8.50.673044.8[@bib19]Sodium periodate, pH 5.0210050.0[@bib20]UV, pH 8.5/pH 7.024.02.0[@bib22]Ammonium persulfate, pH 7.0270.035.0[@bib23]Air, pH 8.52450.02.1[@bib8]CuSO~4~, pH 8.580700.9[@bib24][^2]

Polymerization mechanism {#sec2.2}
------------------------

Owing to the complex redox process and a series of intermediates generated during the polymerization, the molecular mechanism behind the formation of PDA has long been the scientific debate. In the early stage, despite little solid experimental evidence, the formation of PDA is believed to follow a mechanism similar to the synthetic mechanism of eumelanin in a living organism. Later, in contrast to the "eumelanin" model, Lee et al. suggested that PDA was formed combining noncovalent self-assembly and covalent polymerization by using high-performance liquid chromatography coupled with mass spectrometry analysis [@bib25]. In 2013, Vecchia et al. [@bib26] expanded the new concepts of the structure of PDA and proposed that the formation of PDA would undergo three competing pathways depending on the preparation conditions, such as the concentration of dopamine and the types of the buffers ([Fig. 2](#fig2){ref-type="fig"}). In Path a, dimerization of dopamine would lead to uncyclized, biphenyl-type structures. Uncyclized units would then undergo further oxidation and intramolecular cyclization to generate 5,6-dihydroxyindole (DHI) units unsubstituted at the 2-position. In Path b, DHI-based structures arising along typical eumelanin--forming pathways may grow and suffer partial oxidative cleavage under the autoxidative conditions of the process because of hydrogen peroxide generation. As a result, partial peroxidative fission of o-quinone moieties may occur, leading to pyrrolecarboxylic acid formation. In Path c, the route may operate at different levels following dopamine quinone formation, leading to mixed species, for example, by attack of DHI to various monomer and oligomer quinone species. In 2014, Marco et al. compared the biosynthesis and chemical synthesis mechanism of eumelanin, neuromelanin, and PDA [@bib27]. They thought that natural eumelanin contains a high proportion of 5,6-dihydroxyindole-2-carboxylic acid--derived units, whereas synthetic PDA from dopamine consists mainly of 5,6-dihydroxyindole--related units.Figure 2Overall view of three reaction pathways involved in polydopamine formation. Reprinted with permission from ref. [@bib26], 2013, John Wiley and Sons Publishing Group.Figure 2

Characteristics of PDA-modified materials {#sec3}
=========================================

Adhesive property {#sec3.1}
-----------------

One of the most important properties of PDA is its strong adhesion to virtually all types of surfaces independent of the substrate\'s property. It is proved that 3,4-dihydroxyphenylalanine in adhesive proteins, secreted by marine mussels, plays an important role in interfacial binding and intermolecular cross-linking [@bib28]. It was reported that catechol could form strong and reversible bonds with metal oxides reaching 40% of covalent bond strength, the strongest reversible bond involving a biological molecule reported to date [@bib29]. This property of PDA has been widely investigated in biomedical field. For example, Liu et al. [@bib30] developed an injectable dopamine-modified four-armed poly(ethylene glycol) hydrogel containing laponite as the nanocomposite tissue adhesive hydrogel. The incorporation of laponite significantly enhanced the bulk mechanical and adhesive properties of the adhesive. Recently, Gong et al. [@bib31] prepared an injectable hydrogel via simply mixing dopamine-modified poly(α, β-aspartic acid) and FeCl~3~ solutions. This dopamine-modified poly(α, β-aspartic acid)--Fe^3+^ hydrogel is composed of covalent and coordination cross-links and suitable to serve as a bioadhesive agent according to the rheological behaviours and the observed significant shear adhesive strength. In addition, catechol is also a reasonable bioinspired candidate for the design of a biopolymer that can function both as an adhesive and cohesive material depending on the external environment. A hyaluronic acid----catechol conjugate can exhibit either adhesiveness, functionalizing the surface of materials, or cohesiveness, building 3D hydrogels [@bib32].

Surface property {#sec3.2}
----------------

Although PDA coating will not change the bulk properties of the materials, it can lead to a big change in the surface properties of the substrate, including surface morphology, wettability, chemical composition, and mechanical properties [@bib8]. The most obvious change is the colour, changing from bulk colour to dark brown. The surface roughness also can be changed after the PDA deposition. Xi et al. [@bib33] reported the membranes of porous polymers became smoother after poly(3,4-dihydroxyphenylalanine) coating. Conversely, a surface transition from smooth to rough in poly(L-Lactide-*co*-caprolactone) (PLCL) films was observed after treatment with PDA [@bib34]. The PDA coating is hydrophilic; then, the substrates coated by PDA will show a change in hydrophilicity, whether the substrates are hydrophilic or hydrophobic [@bib8], [@bib35].

Chemical reactivity {#sec3.3}
-------------------

Most biomacromolecules, including proteins, peptides, DNA, and aptamers, have been reported to successfully anchor on various surfaces via PDA coating. The PDA coating is an extremely versatile platform for further modification of amine- and thiol-containing molecules via Michael addition or Schiff base reactions. In a study, chemically inert materials (Nomex/polytetrafluoroethylene (PTFE) fibres) were coated with PDA to form a bridge to introduce a substantial amino-functionalized silane layer onto the fabric surfaces [@bib36]. The tensile and bonding strength of PDA-modified and subsequently amino-functionalized fabric composite were superior to those of the nontreated and PDA-coated fabric composite only. Liu and Huang [@bib37] formed β-amino carbonyl linkages between PDA and acrylate/acrylamide molecules via aza-Michael addition on various substrates including titanium dioxide, gold, silicon dioxide (SiO~2~), nitinol alloy, polystyrene, and poly(dimethylsiloxane). Recently, Zhu et al. [@bib38] modified a Ti percutaneous implant by first depositing a PDA coating on Ti6Al4V based on dopamine self-polymerization and then immobilizing collagen chains on PDA. This modification could improve the integration between the implant and soft tissues.

Biocompatibility and biodegradability {#sec3.4}
-------------------------------------

The biocompatibility of PDA-modified materials can be improved. PDA as a "eumelanin-like" polymer has excellent biocompatibility. Ku et al. [@bib39] evaluated the cell adhesion and cell cytotoxicity on the PDA-coated nonwetting surfaces. They found that cell viability was not affected by PDA coating. Liu et al. [@bib40] found the rats could remain healthy over a one-month period after intravenous injection of dopamine--melanin colloidal nanospheres for *in vivo* cancer therapy. Biodegradability is also another vital factor required for a material used in biomedical or clinical applications. Eumelanin would undergo degradation *in vitro* in the presence of oxidation agents. The PDA nanoparticles also have been observed to degrade with hydrogen peroxide by colour fading. An *in vivo* study has found that after 8 weeks of implantation, silicone implants showed chronic inflammation response [@bib41]. On the contrary, the melanin implants were almost completely degraded, and the fibrous tissue surrounding the implants mostly subsided.

Antibacterial property {#sec3.5}
----------------------

PDA-modified materials have good antibacterial activity. The antibacterial effect of dopamine and PDA was investigated by Iqbal et al. [@bib42]. It was proved that dopamine/PDA exhibits extraordinary antibacterial property. Silver or nanoparticles deposited in situ onto the PDA coating also endow the material with better antibacterial properties [@bib37], [@bib43]. With the help of PDA coating, Gao et al. [@bib6] developed a biocompatible and antibacterial coating for PEEK implants. In other studies, the substrates having both antifouling and antimicrobial properties were fabricated by PDA coating [@bib37], [@bib43]. The active bactericidal surfaces were prepared by in situ formation of Ag nanoparticles in PDA, whereas the antifouling performance was obtained by grafting some antifouling molecules on the surface. Long-term antibacterial activity could also be obtained on the antibiotic-decorated Ti material by PDA coating [@bib44]. The multifunctional coating also could be used in orthopaedics. PDA coating could promote the coating stability of the photocross-linkable gelatin-based hydrogel on Ti implants [@bib45]. After loading cationic antimicrobial peptide and silicate nanoparticles to the hydrogels, this implant showed excellent antibacterial activity and enhanced osteogenesis.

Osteogenesis of orthopaedic implants based on PDA-assisted modification {#sec4}
=======================================================================

Mineralization ability of PDA-modified materials {#sec4.1}
------------------------------------------------

PDA coatings can efficiently assist the biomimetic mineralization of organic, inorganic, or metal materials. In a study, PDA-coated polycaprolactone (PCL) scaffolds immersed in simulated body fluid induced the formation of hydroxyapatite (HA) crystals [@bib46]. PDA modification on the Ti substrate also promotes the formation of calcium phosphate biominerals ([Fig. 3](#fig3){ref-type="fig"}) [@bib47]. There is significant difference between pure Ti and Ti-PDA substrates. Recently, electrospun collagen fibres containing catecholamines and Ca^2+^ were prepared [@bib48]. The presence of Ca^2+^ could induce simultaneous partial oxidative polymerization of catecholamines and cross-linking of collagen nanofibres and then induce mineralization of the mats by ammonium carbonate. PDA coating also could improve the mineralization ability of porous SiO~2~ scaffolds [@bib49].Figure 3(A) Scheme for PDA-assisted calcium phosphate crystal formation. (B) The morphology of Ti and PDA-modified Ti substrate (Ti-PDA) after immersing in SBF for two days. (C) The entire surface of Ti-PDA was covered with calcium phosphate minerals and lath-like structures, typically found in natural HA crystals, after incubation for 14 days. Reprinted with permission from ref. [@bib47], 2010, John Wiley and Sons Publishing Group. SBF = simulated body fluid; HA = hydroxyapatite; PDA = polydopamine.Figure 3

Cell adhesion and proliferation on PDA-modified implants {#sec4.2}
--------------------------------------------------------

PDA coating could promote cell adhesion and proliferation on the implants. Bone biomaterials play a vital role in bone repair by providing the necessary substrate for cell adhesion and proliferation and by modulating cell activity and function [@bib50]. Cellular interactions with orthopaedic implants may be enhanced by PDA coating alone or subsequent immobilization of adhesive biomolecules. PDA coating could be used for surface modification of bioinert implants and significantly improve cell attachment and proliferation compared with bare substrates [@bib46], [@bib51], [@bib52]. In a study, stereolithography technology and PDA modifications were used to prepare a PDA-coated/HA precipitate [@bib46]. Compared with pure PCL scaffolds, focal adhesion kinase levels, cell attachment, and proliferation were enhanced with increase in PDA content. The stainless steel (SS), a kind of implant, is widely used clinically for orthopaedics. To control cell--SS interactions, SS was coated with PDA, then nonfouling polymer brushes were grown on the surface to prevent protein adsorption and cell adhesion, subsequently functionalized with adhesive peptides to direct cell adhesion and signalling [@bib52]. A facile deposition method by mixing nanostructured HA in an alkaline dopamine solution and then depositing onto Ti was developed for preparation of nanostructured PDA/HA coatings on Ti [@bib53]. The deposition of dopamine/HA greatly enhanced the adhesion, proliferation, and mineralization of osteoblasts. Another study reported that the PDA/HA composite coating on the surface of Ti could adsorb bone morphogenic protein-2 (BMP-2), as shown in [Fig. 4](#fig4){ref-type="fig"}a [@bib54]. The presence of PDA and HA coatings and porous and hierarchical micro/nanostructures enhanced the adhesion of bone marrow mesenchymal stem cells (BMSCs).Figure 4(A) Schematic illustration of (PDA/HA) composite coating self-assembly and characterization of the biological properties on the Ti surface [@bib54]. (B) Poly(MeOEGMA) modified on the patterned areas and their resistance to cell adhesion [@bib55]. Reprinted with permission from ref. [@bib55], 2013, John Wiley and Sons Publishing Group. HA = hydroxyapatite; NP = nanoparticle; SD = Sprague-Dawley; ATRP = atom transfer radical polymerization; BMP-2 = bone morphogenic protein-2; PDA = polydopamine.Figure 4

PDA coating also helps to form cell patterns. Because the PDA modification method does not require complex chemical reactions, it enables cell patterning in a simple and versatile manner compared with conventional methods by the immobilization of adhesive proteins. Rodriguez-Emmenegger et al. [@bib55] developed patterned antifouling poly(MeOEGMA) brushes on PDA surfaces to guide rat embryonic fibroblasts to grow in the pattern ([Fig. 4](#fig4){ref-type="fig"}b). Ku et al. [@bib56] used a microfluidic approach to pattern PDA on polydimethylsiloxane, and different cell lines (NIH-3T3, MC3T3-E1, and HT1080) were aligned in the direction of striped PDA patterns. Shi et al. [@bib57] also prepared micropatterned PDA-coated parafilms with different groove widths (30 μm, 50 μm, 100 μm, and flat) to induce the osteogenic differentiation of stem cells. The grooved micropatterns on PDA-coated parafilms produced topographic cues for cell regulation. The Wharton\'s jelly mesenchymal stem cells were directly printed on the surface of 3D-printed PDA-modified chitosan (CS)/PCL scaffolds [@bib58]. The adhesion and proliferation of Wharton\'s jelly mesenchymal stem cells on the PDA-modified CS/PCL scaffold was faster than that on the traditional CS/PCL scaffold. In another study, PDA coating was used to construct micropatterns (squares/circles) on thermally expandable hydrogels where human nasal turbinate tissue was selectively attached and formed a monolayer [@bib59].

Osteogenic differentiation of cells on PDA-modified implants {#sec4.3}
------------------------------------------------------------

PDA coating on the orthopaedic implants can promote the osteogenic activity ([Table 2](#tbl2){ref-type="table"}). It was reported PDA coating itself could promote the osteogenic ability of substrates. A study presented that MC3T3-E1 osteoblasts express functional dopamine receptors that enhance proliferation and mineralization [@bib60]. In a comparative study, the PDA-coated PCL scaffolds showed better osteogenic ability than pure PCL scaffolds [@bib46]. Moreover, this effect exhibited concentration dependence. Recently, "self-fitting" PDA-coated materials were prepared by modifying poly(ε-caprolactone) diacrylate with PDA coating [@bib61]. These new materials had enhanced osteoinductivity compared with poly(ε-caprolactone) diacrylate scaffolds without PDA modification. Alginate hydrogels have been used in cell encapsulation for many years, but they are unable to provide enough bioactive properties to interact with cells. Zhang et al. [@bib62] found that alginate modified by PDA could promote osteogenic differentiation of mouse BMSCs. With the help of PDA coating, the formed micropatterns on the surface of substrates also regulated the osteogenic ability [@bib57].

PDA coating also can combine with other osteogenic factors to promote osteogenic ability of substrates. After modifying the collagen mimetic peptide and osteogenic growth peptide onto the surface of op-HA/poly(lactic-*co*-glycolic acid) (PLGA) substrates by PDA, the cell adhesion and osteogenic differentiation of MC3T3-E1 cells were enhanced [@bib63]. In another study, the osteogenic differentiation of periodontal ligament stem cells on Ti substrates could also be enhanced by immobilizing BMP-2 via PDA [@bib64]. In addition, a multifunctional coating having both osteogenic and antibacterial properties can be easily obtained by PDA-assisted technique. For example, a PDA-assisted hybrid coating composed of HA, Ag nanoparticles, and CS was successfully prepared on the Ti substrate by a layer-by-layer assembly process [@bib65]. This composite PDA/HA/Ag/CS-1 coatings exhibited antibacterial ratios of 63.0% and 51.8% against *Escherichia coli* and *Staphylococcus aureus*, respectively. Moreover, high alkaline phosphatase (ALP) activity demonstrated that the composite PDA/HA/Ag/CS-1 coating on the Ti substrate had osteogenic activity.

The formation of the microstructure on the surface of materials assisted by PDA is conducive to the ingrowth of cells and tissues. The generated grooved micropatterns on PDA-coated parafilms could produce topographic cues for cell regulation [@bib57]. In a study, PDA nanoparticle--decorated substrates promoted cell behaviour and tissue ingrowth because of the micro/nanostructures [@bib66]. In another study, Wang et al. [@bib67] prepared porous micro/nanostructured PDA microcapsules/chitosan composite coatings on Ti surfaces using a layer-by-layer self-assembly technique. The bioadhesive microarchitecture and its immobilized BMP-2 synergistically enhanced the activity and osteogenic differentiation of BMSCs ([Table 2](#tbl2){ref-type="table"}).Table 2*In vitro* cell responses on implants modified by PDA-assisted methods.Table 2SubstratesSurface compositionCell typeAdhesionProliferationOsteogenic differentiationReferencesPCLDAPDA coatinghMSCs√√[@bib61]ParafilmPDA coatingADMSCs√√√[@bib57]Calcium silicate/PCLPDA coatingWJMSCs√√[@bib58]AlginatePDA coating and silver nanoparticlesBMSCs√√[@bib62]PCLPDA-coated/HA precipitatehMSCs√√√[@bib46]op-HA/PLGAImmobilized peptides by PDAMC3T3-E1√√√[@bib63]Porous SiO~2~PDA layer loading dexamethasoneBMSCs√√√[@bib49]β-TCPPDA NPsBMSCs√√[@bib66]TiPDA/HA coatingsMG63√√√[@bib53]TiPDA/BMP-2 coatingPDLSCs√[@bib64]TiMicroporous PDA architectures adsorbing BMP-2BMSCs√√√[@bib67]TiPDA/HA/BMP-2 composite coatingBMSCs√√√[@bib54][^3]

Bone formation ability of orthopaedic implants modified by the PDA-assisted method {#sec4.4}
----------------------------------------------------------------------------------

Upon implantation, PDA derivative--modified orthopaedic implants can promote bone healing ([Table 3](#tbl3){ref-type="table"}). Lee et al. [@bib68] developed a porous electrospun membrane to act as a barrier to soft tissue and guide bone regeneration. In another work, Lee et al. [@bib69] used a simple method to immobilize bone-forming peptide 1 onto PDA-coated electrospun PLGA fibres. The bone area in a critical-sized calvarial defect of mouse implanted with PDA-coated PLGA and with bone-forming peptide 1--coated PLGA fibres showed significant improvements of 44.27 ± 7.37% and 57.59 ± 15.24%, respectively, whereas the improvement in the defect-only group was small (∼20%). Similarly, Cho et al. [@bib70] developed PDA-coated nanofibres (DP), PDA-coated nanofibres further immobilized with 250 ng/mL BMP-2 (DP-B250) and 500 ng/mL BMP-2 (DP-B500), and found DP-B500 facilitated bone regeneration compared with a control group in a calvarial critical size defect mouse model ([Fig. 5](#fig5){ref-type="fig"}A). Moreover, they implanted the fibres with immobilized BMP-2 into the defect and observed better bone repair.Table 3*In vivo* bone regeneration of implants modified by PDA-assisted method.Table 3MaterialsSurface compositionAnimal modelTimeReferencesPLLA electrospun fibresPDA coatingMouse calvarial critical size defect8 weeks[@bib68]PLGA electrospun fibresImmobilize BFP1 onto the surface by PDA coatingMouse calvarial critical size defect8 weeks[@bib69]PLLA nanofibresImmobilize BMP-2 onto the surface by PDA coatingMouse calvarial critical size defect8 weeks[@bib70]TiBMP-2--loaded PDA/HA composite coatingBone marrow cavity of SD rats12 weeks[@bib54]TiBMP--HA--PDA multilayer nanofilmsMedullary cavity of SD rats12 weeks[@bib73]Porous Ti6Al4V scaffoldsHA/PDA coatingRabbit femoral condylar defects12 weeks[@bib7]Ti particlesTi particle--induced calvarial osteolysis model in mice2 weeks[@bib72][^4]Figure 5(A) MicroCT analysis of skull bones implanted with nanofibres at two months after surgery [@bib70]. (B) Schematic drawing of the implant and its insertion site and histological sections of the implants stained with methylene blue and basic fuchsin 12 weeks after implantation [@bib73]. (C) MicroCT images of the pTi and HA/PDA-pTi implants at 12 weeks and the yellow colour component was newly formed bone in these scaffolds [@bib7]. Reprinted with permission from ref. [@bib70], 2016, ref. [@bib7] and ref. [@bib72], 2014, ACS Publishing Group. CT = computed tomography; BMP = bone morphogenic protein; CB = cortical bone; NB = new bone; OC = osteocytes; PDA = polydopamine; S = sample.Figure 5

PDA coating can be used for improving the osseointegration between tissues and implants. With the help of PDA coating, PEEK modified by bioactive lithium doping silica nanospheres remarkably promoted new bone formation [@bib71]. An interesting study demonstrated that local administration of pharmacologic doses of dopamine suppressed wear debris--induced bone resorption through inhibition of osteoclast formation and inflammatory responses via D2-like receptor pathway [@bib72]. Ti scaffolds are widely used in orthopaedics, whereas the osteointegration between Ti and bone tissue is poor. HA--PDA multilayer nanofilms on Ti bars were prepared by a pulse electrochemical--driven layer-by-layer process. While there was nearly no new bone formed around pure Ti after 12 weeks of implantation, Ti modified by BMP-2 and HA was almost completely covered by new bone ([Fig. 5](#fig5){ref-type="fig"}B) [@bib73].

The special micro/nanostructure formed, assisted by PDA modification, on the surface of implants can improve the osteogenic activity of implants. In a study, porous Ti6Al4V scaffolds were prepared by the electron beam melting method [@bib7]. HA was further modified on this porous scaffold with the assistance of PDA to obtain HA/PDA-pTi implants, which significantly promoted bone regeneration and enhanced osteointegration after implantation in rabbit femoral condylar defects for 12 weeks ([Fig. 5](#fig5){ref-type="fig"}C). PDA nanoparticles and HA nanorods formed a porous and hierarchical micro/nanostructured PDA/HA composite coating on the Ti surface, and BMP-2 was immobilized on the PDA/HA composite coating using the functional groups of PDA [@bib54]. After 12 weeks of implantation in the bone marrow cavity of Sprague-Dawley (SD) rats, there was almost no new bone tissue formation around the bare Ti and PDA coating, whereas new bone tissue formed around the HA and PDA/HA groups. Furthermore, new bone tissue formation increased significantly in the PDA/HA/BMP-2 group. Xu et al. [@bib74] prepared a hierarchical bioceramic scaffold with controlled macropores and nanostructured layers on the strut surface by combining the 3D plotting technique with the PDA/apatite hybrid strategy. Such PDA/apatite nanolayer--modified scaffolds induced more formation of the new bone in and around the scaffolds than unmodified scaffolds after implantation for 12 weeks.

PDA-modified materials for other musculoskeletal tissue repair {#sec4.5}
--------------------------------------------------------------

PDA-modified materials can also be reported to repair other musculoskeletal tissues. Inspired by the high adhesive strength in a wet environment of PDA, the mussel-inspired tissue adhesives are developed. The developed mussel-inspired easy-to-use double-cross-link tissue adhesive exhibits significantly higher wet tissue adhesion capability than the commercially available fibrin glue when applied on wet porcine skin and cartilage [@bib75]. Tsai et al. [@bib76] showed that the deposition of a poly(dopamine) layer on 3D porous scaffolds is a facile and promising strategy for articular cartilage tissue engineering. They demonstrated that PDA coating could enhance chondrocyte adhesion to a series of biodegradable polymers. PDA-based surface modification has also been applied in ligament and tendon repair [@bib77], [@bib78]. For example, PDA was used to gradually immobilize platelet-derived growth factor-BB on nanofibres to control the differentiation of adipose-derived stem cells into tenocytes in a spatially controlled manner. Furthermore, a symmetrical gradient which had gradient immobilization of platelet-derived growth factor-BB and controlled mineralization on the nanofibre surface was prepared to fabricate a structure-mimicking bone--patellar tendon--bone junction [@bib79].

Summary and perspectives {#sec5}
========================

In summary, PDA-assisted surface modification is an easy way to prepare surfaces with excellent antibacterial and osseointegration properties. The surface modification of orthopaedic implants by PDA-assisted techniques is summarized in [Fig. 6](#fig6){ref-type="fig"}. Infection and aseptic loosening of the orthopaedic implants are the two major clinical challenges. Improving the cell adhesion, antibacterial property, combination intensity implant--bone interfaces, and osteogenesis are useful methods to resolve the aforementioned problems. PDA-based coatings provide a general surface modification strategy for orthopaedic implants (metallic, inorganic, and organic surfaces), regardless of its chemical and physical nature. The biocompatibility, inflammatory response, cell adhesion, and proliferation of orthopaedic implants could be improved through PDA-assisted coating technology. PDA coating can also endow the osteogenic property of orthopaedic implants by subsequent modification using HA or bioactive molecules which have osteogenic functions. In addition, PDA can also provide antibacterial property for orthopaedic implants by depositing Ag or modifying antibacterial molecules. Further research in this field should aim to achieve precise and microscopic control of material surface properties using PDA-assisted techniques. In-depth understanding of the interactions between cells (e.g., osteoblasts, osteoclasts, stem cells, and immune cells) and PDA-modified orthopaedic implants is also necessary. In addition, the interaction between PDA and extracellular matrix (ECM), which in turn will affect cell behaviours and functions, should also be investigated.Figure 6Surface modification of orthopaedic implants by PDA-assisted techniques. PDA = polydopamine.Figure 6
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